Zircon oxygen-hafnium and biotite magnesium isotopic compositions of Late Cretaceous to Oligocene (88-27 Ma) granitoids from the Gyeongsang continental arc, southeastern Korea, collectively provide a new insight into shallow magma petrogenesis. Zircon crystals extracted from eight calc-alkaline or alkaline plutons commonly contain xenocrystic cores and typically show magmatic cathodoluminescence zonings and sharp Raman spectra. Most zircons have positive e Hf values plotting below the mid-ocean-ridge basalt evolution path, indicating that the arc magmatism was dominated by the recycling of juvenile crustal materials. Zircon d
INTRODUCTION
Granitoids, the most abundant rock types in Earth's continental crust, are the products of many combinations of sources and processes. Because felsic magmas cannot be extracted directly from the upper mantle, the generation of granitoids essentially requires secondary refining processes, such as fractional crystallization of mantle-derived basaltic liquids and/or recycling of preexisting continental or oceanic crust. In fact, trace element and isotope data indicate that most granitoids represent mixtures from mantle and crustal sources (Kemp and Hawkesworth, 2003, and references therein) . The contribution of ancient preexisting crust can be readily assessed with radiogenic isotope tracers such as 87 Hf, which differ substantially between crustal and depleted mantle reservoirs due to decoupled time-integrated evolution after chemical fractionation during mantle melting. In young and juvenile orogens, however, it may not always be easy to distinguish the recycled crustal source in the granitoids using radiogenic isotopes alone. This problem can be greatly reduced by complementing radiogenic isotope data with stable isotopes of oxygen or magnesium (e.g., Hawkesworth and Kemp, 2006; Shen et al., 2009 ).
Isotopic fractionations of O and Mg are chiefly associated with lowtemperature surface processes. Preferential releases of lighter isotopes during continental weathering leave heavier isotopes of both elements behind in the residues. The isotopic exchange with hydrothermal fluids, on the other hand, may lead to the depletion of heavier O isotopes in altered rocks without an appreciable change in the bulk isotopic composition of Mg. These surface processes result in highly variable isotope ratios of O and Mg in supracrustal rocks. Because isotopic fractionations among silicate melts and minerals are relatively small at magmatic temperatures for both O (Eiler, 2001) and Mg (Teng et al., 2010) , magmas inherit the isotopic signatures of these elements from their sources or assimilants.
Past isotopic records are particularly well preserved in zircon by virtue of its relatively low solubility in crustal melts and strong resistance to physicochemical breakdown, as well as slow intracrystalline diffusion of its constituent ions (Watson and Cherniak, 1997; Cherniak, 2010) . In this study, in-situ microanalytical results of zircon U-Pb dating and O and Hf isotopic analyses were combined with biotite Mg isotope data for Cretaceous to Paleogene granitoids from the Gyeongsang continental arc, southeastern Korea. These data collectively allowed us to identify supracrustal assimilants that underwent synmagmatic hydrothermal alteration. The occurrence of "crustal cannibalization" typically reported from caldera settings or rift zone environments (Bindeman, 2008) is verified by the coupling of zircon O and biotite Mg isotope data for our plutonic samples.
GYEONGSANG ARC SYSTEM
In the western Pacific continental margin, Phanerozoic Cordilleran granitoids form a nearly continuous belt extending from southeastern Australia through southeastern China, the Korean Peninsula, and southwest Japan to the Russian Far East ( Fig. 1A ; Ishihara, 1998) . Approximately one-third of the total landmass of the Korean Peninsula is covered with Phanerozoic, dominantly Jurassic and Cretaceous granitoids, the latter being emplaced mainly within the Gyeongsang arc-backarc system in the southeastern margin of the peninsula. With the oblique subduction of the Izanagi plate in the Early Cretaceous, the Gyeongsang backarc basin initiated as a narrow north-south-trending trough progressively expanded toward the east (Chough and Sohn, 2010) . Extensive igneous activity heralded by laterally continuous Cenomanian (ca. 97 Ma) ignimbrites (Gusandong Tuff) has left a number of caldera complexes and plutonic roots (Fig. 1B; Chough and Sohn, 2010) . Granitoid plutons composing the arc platform consist mainly of granite, granodiorite, and tonalite. Alkali granites containing riebeckite, arfvedsonite, or annite occur along the NNE-trending fault system bounding the Paleogene pull-apart basins in the eastern coastal area. The absence of syndepositional folds and thrusts throughout the Gyeongsang system implies an overall trenchward rollback *E-mail: ccs@kbsi.re.kr of the subducting slab and its weak coupling with the overriding plate (i.e., Cawood et al., 2009 ).
MATERIALS AND METHODS
Granitoid samples were collected from eight plutons within the Gyeongsang arc system (Fig. 1B) . The samples are typically equigranular or porphyritic granite to granodiorite. Their petrographic and mineralogic features are summarized in Table DR1 in the GSA Data Repository 1 , with GPS coordinates for sampling localities. Zircon grains were separated using conventional sieving, magnetic, and heavy liquid techniques. Fresh (i.e., no chloritization) biotites were handpicked from crushed rock samples under a binocular microscope. The zircon grains mounted in epoxy were imaged with scanning electron microscope (SEM) cathodoluminescence (CL) at the Korea Basic Science Institute (KBSI, Ochang, Republic of Korea). In-situ determination of zircon O isotopic composition was performed by a Cameca IMS 1280 ion probe at the Chinese Academy of Sciences in Beijing. The sample mounts were re-polished and then analyzed for U-Th-Pb and Lu-Yb-Hf isotopes at the KBSI using the sensitive high-resolution ion microprobe (SHRIMP) and laser ablation-multicollector-inductively coupled plasma-mass spectrometry (LA-MC-ICPMS), respectively. In order to ensure that the zircon is crystalline, Raman spectra 1 GSA Data Repository item 2016106, description of analytical methods, petrographic and mineralogic summary and sampling localities (GPS coordinates) of the granitoid samples, data tables, Raman spectra of the zircon crystals, and TeraWasserburg concordia diagrams, is available online at www.geosociety.org/pubs /ft2016.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
of some representative crystals were collected by using a dispersive confocal microscope at the Tectonophysics Laboratory, Seoul National University. The Mg isotopic composition of biotite was determined by bulk digestion, chromatographic purification, and solution MC-ICPMS analysis at the KBSI. Details of the analytical procedures are available in the Data Repository.
RESULTS
The zircon grains are typically 100-200 mm in length, prismatic to stubby in habit, and with magmatic oscillatory or banding zonings under CL (Fig. 2) . The rounded cores observed in some grains are texturally discordant to the magmatic rims. We confirmed that the Raman spectra of representative zircon grains from four plutons (Namsan, Kwonyiri, Ijeonri, and Gigye) were sharp and intense at ~350, 450, and 1010 cm -1 (Fig.  DR1 in the Data Repository), indicating that their crystal structure was virtually unaffected by radiation damage (i.e., White and Ireland, 2012) .
The isotope data for zircon and biotite are summarized in Table 1 . Complete isotope data are available in the Data Repository (Tables  DR2-DR4) . Zircon U-Pb data are plotted on Tera-Wasserburg concordia diagrams in Figure DR2 . The core and rim dates of magmatic zircon grains are indistinguishable from each other within analytical error. The Late Cretaceous to Oligocene (88-27 Ma) U-Pb ages of magmatic zircons confirm that the main igneous activities along the Gyeongsang arc system postdate the volcanic eruption that produced the extensive Gusandong Tuff (Chough and Sohn, 2010) . The U-Pb dates of xenocrystic zircon cores represent either the earlier episodes of Late Cretaceous arc magmatism or Jurassic, Permian, and Paleoproterozoic events likely related to the buildup and remobilization of the crustal basement.
Zircon e Hf values of each rock sample are scattered outside the analytical uncertainty, testifying to the operation of open-system processes. Most values are positive but plotted well below the mid-oceanic ridge basalt (MORB) evolution path (Fig. 3A) , yielding two-stage Hf model ages concentrated in the Neoproterozoic to Paleozoic Eras (ca. 1.0-0.4 Ga; Table  DR3 ). Positive and negative spikes of zircon e Hf are prominently shown by the Namsan and Palgongsan samples, respectively. The xenocrystic cores tend to have e Hf (t) lower than those of their respective magmatic domains. As displayed in Figure 3B , the cores and rims of most zircon grains show comparable e Hf within analytical error. The rimward decrease is shown by some grains from the Gigye and Daejeonri samples. Namsan zircons exhibit both increasing and decreasing core-to-rim trends.
Zircon d
18
O values are commonly shifted from the mantle range (5.3‰ ± 0.3‰; Valley et al., 1998 ) toward the lower side (i.e., Kwonyiri, Daejeonri, Namsan, and Ijeonri samples) or the higher side (i.e., Gigye, Seosaeng, and Palgongsan samples) (Fig. 3C) . The xenocrystic cores (ca. 66 Ma) in zircon grains from the youngest Kwonyiri pluton have distinctly low d
18 O values decreasing rimward drastically from +4.4‰ to -0.7‰ (Fig. 2) . Smaller (<1‰) but consistent core-to-rim decreases are observed in magmatic zircons from the Namsan, Ijeonri, Daejeonri, and Gigye samples (Table 1 ; Fig. 3D ).
Biotite d
26
Mg values deviate upward from the mantle range (-0.25‰ ± 0.07‰; Teng et al., 2010) in the Palgongsan, Gigye, Daejeonri, Ijeonri, and Namsan samples (in increasing order). Biotite from the Namsan sample is surprisingly high in d 26 Mg (2.32‰ ± 0.05‰) and low in Mg content (0.34 wt%).
DISCUSSION
The presence of xenocrystic zircon cores indicates the recycling of crustal materials during the arc magmatism. At least part of the recycling must have been triggered by fresh mantle input as revealed by some MORB-like e Hf of Namsan, Daejeonri, and Kwonyiri zircons (Fig. 3A) . The Hf isotopic spread of zircon observed in the other plutons attests to the involvement of two or more isotopic reservoirs as well. The zircon model age, in this case, only broadly constrains the crustal residence time of the protolith. However, the significant contribution of relatively young and juvenile crust is inarguable because the lowest e Hf values of magmatic zircons from each sample are still positive, except in the case of the Palgongsan sample. The core-to-rim variation of zircon e Hf (Table  1 ; Fig. 3B ) denies a consistent role of old, preexisting crust in the mixing or mingling process. Zircon O and biotite Mg isotopes reveal more about the nature of crustal protolith and petrogenetic process.
The zircon e Hf and d
18
O values are not simply correlated with each other in each sample (Fig. 3E) , precluding a two-component mixing relation between mantle-like primitive magma and weathered preexisting rocks as commonly hypothesized in geochemical modeling using radiogenic and stable isotopes. Most of the analyzed samples show zircon d
18 O values shifted upward or downward from the mantle range (Fig. 3C) , making it clear that at least some of their precursors have undergone weathering or water-rock interaction. Large positive fractionation factors between water and rock-forming minerals at low temperatures lead to enrichment of weathered rocks with respect to d the rim of a xenocrystic zircon from the Kwonyiri pluton (Fig. 2) Mg values of the Bangeojin, Seosaeng, Kwonyiri, Palgongsan, and Gigye samples show a rough positive correlation (Fig. 3G) Mg (>-0.18‰) samples resulted from crustal contamination by weathered supracrustal rocks that experienced hydrothermal alteration after the crystallization of zircon core. This situation would have been best achieved through assimilation of hydrothermally altered roof rocks around the volcanic center, which is referred to as "crustal cannibalization" (Valley, 2003; Bindeman, 2008) .
A series of self-cannibalization processes could be postulated for the four high-d
26
Mg plutons: (1) crystallization of the zircon core in a magma chamber; (2) volcanic eruption; (3) weathering and hydrothermal alteration of roof rocks consisting of preexisting rocks as well as volcanic rocks produced via process 2; (4) collapse of the roof rocks and their digestion in the magma chamber; and (5) crystallization of the zircon rim. This scenario is established by the rimward decrease in zircon d
18
O rather than the value itself, and concomitant Mg isotopic variation. The low d
O value alone cannot be considered to be a sufficient indicator of the cannibalization process, because magmas could inherit the O isotopic signature of a deep source region that had been contaminated by hydrothermally altered oceanic crust via subduction-accretion processes. Also noteworthy is that hydrothermal alteration is rarely 100% efficient and thus leads to reduced but highly heterogeneous d
18 O values of the altered rocks, depending on local water-rock ratios, temperature, and the d
O value of the fluid (Bindeman, 2008) . Although the Gigye sample is the highest in zircon d Mg collectively testify to the cannibalization process. Crustal cannibalization is typically reported from volcanic fields such as Yellowstone (United States), where single crystals commonly exhibit isotope zoning and disequilibria (e.g., Wotzlaw et al., 2015) . This study shows that the combination of zircon oxygen and biotite magnesium isotope data from plutonic samples can sensitively detect the input of supracrustal contaminants that have now been eroded away.
